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Abstract 
The ongoing transformation of the German energy system calls for both new technologies and new methods to assess the role 
these technologies can play in future energy scenarios. This paper presents a new methodology that combines detailed 
thermodynamic process modelling and investor-centered economical evaluation to form an integrated technology assessment of 
compressed air energy storage plants. The respective model derives characteristics for charging and discharging operation of 
these plants from detailed component level process calculations. These characteristics are then processed in a unit commitment 
model that optimises plant operation in terms of market revenues using mixed integer linear programming. Arbitrary energy 
systems are represented by time series of spot and tertiary control reserve markets. In a case study, three different plant layouts 
are investigated using historical data and future price variations on the German energy market. It shows that simple conventional 
plant layouts would presently generate the highest profitability. Adiabatic storage systems tend to be an even better option if the 
price spread should increase in future markets. However, the profitability strongly relies on revenues from the control reserve 
market. The high volatility of this market explains why potential investors currently show restraint with respect to compressed air 
energy storage plants. 
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1. Introduction 
The German energy system currently is in a phase of fundamental transformation. Between 1994 and 2004, the 
share of renewable energies in power generation doubled from 4.3 % to 9.3 %. Within the following ten years it even 
almost tripled, so that in 2014 renewable energy sources accounted for 27.4 % of Germany’s gross electricity 
production [1]. For the next decades the share of renewable energies is expected to grow continuously. The 
intermittent nature of the renewable sources, however, imposes a major technical challenge for the German energy 
system and calls for new concepts to balance supply and demand. Large scale energy storage is one of the respective 
flexibility options. 
Compressed Air Energy Storage (CAES) systems store surplus electricity by compressing air and thereby 
charging a compressed air tank or underground cavern. In order to discharge the storage system, the stored air is 
expanded in turbines again. This process can be implemented in a number of technical layouts, which differ 
regarding their complexity and technological maturity [2]. Today two CAES power plants are in operation: The first 
CAES was built in Huntorf, Germany, in 1978 and provides 321 MW of discharging power. Another 110 MW plant 
was commissioned in 1991 in McIntosh, Alabama, USA [3]. Both are a combination of storage and peak load power 
plant. Additionally, research was conducted on adiabatic concepts [4] that in contrast are pure storage systems and 
on concepts with increased technical efficiency [5]. 
The demonstrated technical feasibility and the availability of geographic locations in Germany are notable 
advantages compared to other storage technologies. Nevertheless, there are no new CAES plants being installed or 
planned at present. This may indicate lacking economic feasibility or high risks involved under current investment 
conditions. To explain this pattern for today and discuss future prospects of CAES, a transparent and objective 
assessment approach is required. 
 
Nomenclature 
C Costs       Subscripts 
CAS  Compressed air storage    caes Compressed air energy storage 
E Expenses     cas Compressed air storage 
Ex Total exergy     charges Final consumer charges for electricity 
Ơx Exergy rate     cmp Compression 
I Investment costs     del Delivery in the control reserve market 
P Power      exp Expansion 
Q Total heat transfer    fuel Fuel input 
Qࡆ  Heat transfer rate     in Input stream 
R Revenues     neg Negative 
ST Binary status variable    out Output stream 
T Set of time steps from 0 to tmax   pos Positive 
t Time step     pp Power plant 
W Total work     pro Provision in the control reserve market 
       ref Reference value 
Greek       start Starting process 
Ȗ Storage expense     spot Spot market 
į Heat expense     tcr Tertiary control reserve market 
İ Storage coefficient    tes Thermal energy storage 
ȗ Exergy efficiency 
Ș Energy efficiency 
Ĳ Time increment 
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2. Methodology 
So far, diverse strategies have been developed and applied to evaluate the potential of CAES as an energy storage 
option. But most research has been conducted on either technology, system or business economy aspects of CAES. 
Technical studies typically compare different storage technologies [6] or CAES concepts [7]. Additionally, 
possibilities to improve the technical process efficiency are examined using energy or exergy analyses of detailed 
plant layouts [8], sometimes extended by thermo-economic approaches including cost figures for energy and exergy 
streams [9, 10]. However, the market integration is hardly analysed in this type of studies. Studies with a focus on 
economy often analyse the unit commitment of CAES plants. By doing this, overall system costs [11] or revenues 
are optimised [12]. Some studies analyse the operation in regionally defined markets such as Denmark [13] or 
Ireland [14], sometimes even including respective market forecasts [15], but typically they refer to one CAES 
concept only. Other studies compare different CAES concepts [16, 17, 18] using historical market data but lack the 
analysis of changing market conditions.  
The question if a technically available concept is actually seen in the market essentially depends on the business 
economy of investments judged from a potential investor’s perspective. But both costs and revenues are obviously 
determined by the technology applied, market conditions and unit commitment in equal measure. Hence, an 
integrated techno-economic evaluation is needed to assess the market potential of CAES as a storage technology. At 
first, this requires a generic model that combines power plant characteristics and expected operational behaviour on 
potential markets. Subsequently, this model has to be set up properly concerning the different CAES technologies on 
hand and the specific market conditions of Germany’s energy system. 
2.1. Model 
The respective model consists of four parts. All technology specific details including extensive thermodynamical 
calculations of components are modelled in the Technology part. Market-related data from energy system models, 
forecasts or historical sources are provided by the Market part. Subsequently, both parts are mapped onto a Unit 
commitment model that determines a cost-optimal schedule for different markets under the technical constraints 
defined in the Technology part. This allows for an Integrated assessment of any technical setup under arbitrary 
market conditions. A model overview is shown in Fig. 1. 
The Technology part has to provide a generic technology model that allows to represent any CAES concept 
within the unit commitment model. Generally, power plants can be modelled with a high level of detail as 
considered in [19] and [20]. Nevertheless, high complexity reduces the applicability of a once designed model for 
different concepts. For this reason, in this study CAES plants are represented in an abstract mathematical model 
instead. 
The abstract technology model is defined by a set of characteristics that depict the operational behaviour to serve 
as an interface between thermodynamic modeling and market operation. In order to generate these characteristics, 
CAES concepts are modelled on component basis for different loading conditions. These conditions are 
differentiated according to maximum feasible outputs and market-regulated outputs. The rated power of compressor 
and turbine determine the maximum power at full energy storage levels. With a decreasing pressure in the 
compressed air storage, the maximum feasible power is reduced. Furthermore, the plant is able to reduce power 
ratings to follow market signals, which is called market induced part load. Additional load conditions are not 
considered. Generally, the working fluid is modeled as dry air based on the property libraries FluidEXL with 
Fig. 1: Model overview 
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LibHuAir [21]. 
According to Fig. 2 the technology model is divided into a compression, a storage and an expansion section. 
Energy streams of different quality are represented as variables between the main sections. The compression section, 
including a motor and a certain number of compression stages, receives electricity from the grid and operates at a 
certain power level Pcmp. The resulting heat is cooled to ensure that temperature limits of components are not 
exceeded. Depending on the concept, heat is led to the environment or the thermal energy storage (TES) via Qլ cmp_out 
or Qլ tes_in, respectively. The charging of the storage with air is represented by an exergy stream Ơxcas_in. 
At the moment, the approach is focused on process dynamics and not on a special constructive design. For this 
reason, the compressor power calculations assume constant section efficiencies. Maximum power at different cavern 
pressures is approximated with maximum mass flows. Power adjustments to market signals are fulfilled by perfect 
mass flow variability. The storage section includes a perfectly tight mass storage and a TES. Both imply restrictions 
in terms of temperature limits. 
When electricity is required during shortages, air is released to the expansion section containing a generator and 
several expansion stages. Thus, in the model an exergy flow Ơxcas_out leaves the compressed air storage. During the 
expansion process heat is supplied to avoid critical temperature levels. Diabatic concepts involve an external heat 
supply, mostly by burning fuel, whereas adiabatic concepts avoid this. Heat supply is implemented by a heat flow 
provided by the TES, Qլ tes_out, or an external heat source, Qլ exp_in. With that, the expansion section provides the power 
output Pexp to the grid. Additionally, a waste heat flow is illustrated by Qլ exp_out. 
In terms of filling level induced loading conditions, the expansion follows Stodola’s law. Power regulations are 
achieved by a nozzle group control. Further components in the CAES layouts can be added optionally, e.g. a 
recuperator or steam cycle. Because of the generic design, concepts containing optional components can be easily 
adapted to the technological model. The set of characteristics describes the relational connections of the energy 
streams in Fig. 2. 
As mentioned above, the Market part allows for a model parameterisation with arbitrary market data. This 
includes data from energy system models, forecasts or historical sources in varying temporal resolution. For this, 
spot market and tertiary control reserve (TCR) prices are considered. Different temporal resolutions of time series 
are handled internally in the unit commitment model. 
The Unit commitment model combines the Technology and Market part and optimises the plant revenues at 
different markets under given technical constraints. Generally, unit commitment and dispatch of thermal power 
plants are often solved using mixed integer linear programming (MILP). In canonical form a mixed integer linear 
programme can be expressed as 
0and
tosubject
maximise
t
d

x
bxA
xcT
  (1) 
Fig. 2: Abstract technology model 
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where x describes a vector of variables that has to be determined including integer variables. The vector c and the 
matrix A hold the coefficients of the decision variables whereas the vector b represents the right hand side of the 
inequalities. The expression cT·x is called the objective function and has to be maximised or minimised. The 
inequalities A·x  b and x  0 are so called constraints representing a convex polytope. 
Since CAES and CHP power plants have various characteristics in common, the optimisation approach is 
partially based on work done on the subject of optimal market participation of CHP as examined in [19, 22, 23]. A 
detailed set of commonly used linear unit commitment equations can be found in [24]. The provision of control 
reserve by CHP plants based on MILP is considered in [19, 22] and [25] where the latter deals with the problem of 
different time increments of energy markets. 
All cost related quantities such as power purchases from and power inputs into the grid have to be integrated in 
the objective function. Additional costs can be defined for used fuel, grid fees and system starts. Usually, the unit 
commitment problem is formulated to reach the dispatch at minimal operational costs. The following objective 
function (2) maximises the total revenues of the CAES at the spot and TCR market. 
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All physical and market related constraints have to be described in the canonical form delineated above. For 
example, physically available and market-allocated capacity for the compression and expansion part have to be 
connected. The compression part is described via 
      TttPtPtP delnegtcrspotcmpcmp  ___   (3) 
whereas the expansion part is described as 
      TttPtPtP delpostcrspot  __exp_exp   (4) 
in the same way. This ensures that the sum of market allocated capacities does not exceed the available physical 
capacities. 
Furthermore, all relations must be formulated using linear expressions. Usually, detailed thermodynamic 
calculations lead to a complex, non-linear performance model. However, in order to meet the requirements of the 
MILP unit commitment model, the complexity has been reduced. The following example illustrates a linearisation 
of the maximum compression power depending on the compressed air storage filling level CASlevel(t). The maximum 
power is limited by a function (5), which contains the product of a concept-specific multiplier mcmp_max and the 
compressed air storage filling level. Additionally, the concept-specific parameter bcmp_max sets the maximum power 
when the mass storage is empty. 
    > @maxmax_max_max_ ,11 ttbtCASmtP cmplevelcmpcmp   (5) 
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Fig. 3 visualises how an exemplary linearisation affects the accuracy of plant characteristics. In most cases, the
observed deviations are insignificant and thereby neglectable. 
Besides the possibility to define different cost types, the model offers additional technology-specific 
parametrisation. According to this, load ranges and power gradients for each part of the CAES plant can be defined.
Furthermore, ratios for occuring heat flows and minimum up and downtimes can be set separately for every part of 
the plant. Additionally, input, output and temporal efficiencies can be set for all storage models.
Fig. 4 shows the overall structure of the unit commitment model. The model consists of different sub-components
with their respective data flows. As a central part, the market optimisation receives data from different sources. The
optimisation part consists of four single steps. Initially, input data is aggregated from manual parameter settings
including the characteristics and market data time series. In the next step of model creation, this data is mapped onto
the unit commitment model before the parameterised model is passed to a solver which then generates structured 
output data. 
The resulting time series include the dispatch at different markets and storage filling levels and are saved in a
relational structure via a central data interface. This interface likewise offers the possibility to import data from
external energy system models or to export data for further analyses. Finally, postprocessing can include a 
Fig. 3: Example for a linearised plant characteristic
Fig. 4: Unit commitment model
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calculation of technical parameters or profitability. 
The implementation of the unit commitment model has been realised in an open source toolchain using the 
Python programming language [26]. For the different model sections, specific packages for data analysis [27] and 
optimisation problem modelling [28] have been used. To solve the mathematical problem, a commercial solver [29] 
and free alternative [30] variant has been applied. Market data for TCR has been prepared using the relational open 
source database system PostgreSQL [31]. 
The Integrated Assessment of CAES contains thermodynamic and economic calculations. A technical evaluation 
of CAES concepts is based on the thermodynamic model. At first, the nature of the specific CAES as a combination 
of storage and peak power plant can be examined using plant indicators. The storage expense Ȗ indicates the share of 
storage charging energy of discharging energy (6). In contrast, the heating expense į suggests the proportion of 
external heat supply to the latter (7). As ratio of both indicators, the storage coefficient İ is interpretable as ratio 
between input energy from storage and external heating depicting the peak power part (8) [32]. 
expW
Wcmp J
  (6) 
exp
exp_
W
Q in G
  (7) 
in
cmp
Q
W
exp_
 H
  (8) 
The evaluation of the total cycle efficiency of CAES is generally conducted by calculating the ratio of output to 
input. For a start, the total energy efficiency Ș is chosen for this purpose (9). Nevertheless, the use of energetic 
quantities does not reflect the differences in quality of input and output streams in terms of electricity and heat. 
Therefore, an efficiency measure ȗ based on the exergetic value of those streams is added (10). Both efficiency 
indicators are commonly applied for conventional power plants and storages. 
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As mentioned above, CAES can be a combination of storage and peak power plant. The distinction between these 
parts cannot be reflected by energy or exergy efficiency indicators. In order to determine the pure storage efficiency, 
other calculation methods are required. A review of methods for combined heat and power plants having two output 
streams can be found in [33]. Because of the similarity, these can be transferred to the present case with two input 
energy streams. On that account, the alternative generation method was chosen. This method assumes that the fuel 
supplied externally could have been used to generate electricity in a reference peak power plant with a certain 
efficiency. Consequently, the potentially produced electricity of the reference plant is subtracted from the 
discharging energy of the CAES (11). Hence, the alternative generation efficiency ȘCAES_ref is depending on the 
assumption of the reference plant efficiency. 
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Further evaluation is based on the resulting time series of the unit commitment model. The optimised operation is 
cumulatively expressed in terms of full load hours. These can be differentiated by operation of the charging and 
discharging section and further along actions on spot and control markets. Principally, this could lead to a sum of 
full load hours exceeding 8,760 since compression and expansion parts are allowed to work simultaneously. 
Finally, revenues are calculated and analysed on the basis of CAES operation time series and market prices. 
Calculating the net present value (NPV) (12) [16, 17] with respect to investment and operating costs allows for an 
economic assessment from a potential investor‘s perspective. 
 ¦ 
 
n
t
t
tt
i
ERINPV
1
00 1   (12) 
2.2. Setup 
In order to evaluate the role of CAES in the German energy system and to demonstrate the functionality of the 
integrated assessment approach, the aforementioned model is set up for a case study. For this, an appropriate range 
of CAES concepts has to be considered. A broad technology assessment then needs these concepts to be evaluated 
under both present and future market conditions. 
Three substantially different CAES concepts are chosen for the analysis, cf. Fig. 5. The first concept is a diabatic 
CAES with a recuperator (D-REC) as implemented and tested in McIntosh, USA. Since not only stored air but also 
fuel is needed to discharge the system, the D-REC concept can be classified as a combination of storage and peak 
power plant [32]. On the contrary, the adiabatic CAES (A-TES) is a pure storage technology: Instead of the D-
REC’s combustion chamber a thermal energy storage charged during compressor operation is used to preheat the air 
before it is expanded in the turbine [4]. A third layout (D-TES-SC) combines the ideas behind the two 
aforementioned concepts. Again, a TES is installed in order to use excess heat during compression for air 
preheating. However, extra thermal energy is supplied in the discharging part’s conventional combustion chambers. 
Additionally, instead of using the turbine exhaust gas for heat recuperation, it feeds the heat recovery steam 
generator of the bottoming steam cycle [34]. This diabatic and highly complex layout combines storage and peak 
power plant as well. 
Aiming for the comparability of results, the concepts are parametrised identically in terms of power ratings and 
discharging time. Supplementary technical and economic parameters are displayed in Tables 1 and 2. It has to be 
noted that stating assumptions on investment and operation costs is difficult because of the lack of practical 
experience. 
  
Fig. 5: Configurations of CAES concepts D-REC, A-TES and D-TES-SC 
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          Table 1: Overview of technical parameters of CAES concepts 
Type Parameter Unit Value 
Compression Rated compression power MW 100 
 Isentropic efficiency % 90.0 
 Maximum temperature °C 500 
Expansion Rated expansion power MW 100 
 Isentropic efficiency governing stage % 70.0 
 Isentropic efficiency HP & LP stages % 90.0 
 Maximum temperature HP stage °C 600 
 Maximum temperature LP stage °C 1200 
Storage Pressure range bar 42 – 72 
 Discharging time at full load h 8 
 TES capacity MWh adjusted to CAS 
 TES terminal temperature difference °C 20 
Other components Electric machine efficiency % 98.0 
 Pressure losses % 3.0 
          Table 2: Overview of economic parameters of CAES concepts 
Type Parameter Unit & Reference Value 
Investment costs Compressor €/kW 250 
 Expander €/kw 200 
 Recuperator €/kW 40 
 Cavern €/m³ 60 
 TES €/kWh 35 
 Steam cycle €/kW waste heat boiler 400 
  €/kW net 530 
 BOP and others % of total investment costs 50 
Operating costs Fuel costs €/MWh 20 
 Final consumer electricity charges €/MWh 1.9 
 Personnel costs % of turbine costs 1.00 
 Insurance costs % of total investment costs 0.85 
 Fixed costs for maintenance % of total investment costs 1.00 
 Variable costs for maintenance €/kWh (without steam cycle) 0.0035 
  €/kWh (with steam cycle) 0.0030 
Others Lifetime a 30 
 Discount rate % 5 
To investigate the economics of CAES today, real historical day-ahead spot market and tertiary control reserve 
market data from 2012 until 2014 have been used. During these years, the gross electricity production from 
renewable energy sources in Germany has increased significantly from 123.8 TWh in 2011 to 162.5 TWh in 2014 
[1]. Spot market data was retrieved from [35] and raw control reserve market data for all German control areas from 
[36]. The latter includes tender details and activation height, which allows for a calculation of statistical parameters 
for capacity and delivery prices. 
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Fig. 6 shows the statistical parameters for the price series from 2012 to 2014. On an annual basis, the price range, 
median, lower and upper quartile and arithmetic average have been calculated. Parameters for the control reserve 
prices are calculated on average provision and median delivery prices. For the simulation setup the hourly median 
was chosen to represent the TCR prices because it is assumed to be less influenced by bidding strategies than the 
arithmetic average. Detailed information on the price calculation can be found in [37]. 
It gets clear that the spot market prices show a relatively strong scattering in a positive and negative direction 
with a decreasing tendency of the median and average from 2012 to 2014. Prices for provision of TCR show a 
significantly stronger scattering in positive direction where prices for negative control reserve were in average 
higher than for positive control reserve. Furthermore, both positive and negative tertiary control reserve prices were 
highest in 2013. 
Compared to spot market prices, the prices for one hour of TCR provision are found to be lower. However, the 
provision of TCR does not imply a physical power flow. An analysis of TCR delivery prices also shows a strong 
scattering in a positive and negative direction. While prices for positive TCR remain in the single-digit range with a 
decreasing tendency, prices for negative TCR tend towards zero. This price trend also reflects operation costs, which 
normally occur for a delivery of positive control reserve. Concluding, the statistical parameters for the years 2012 to 
2014 show significant differences in market conditions. For this reason the period forms a suitable background to 
assess impacts of market variations on CAES. 
In addition, artificial future market scenarios have been implemented. It has to be noted explicitly that these 
scenarios must not be understood as any kind of prognosis. They rather show how potential market developments 
would affect the profitability of CAES. Furthermore, they can be used to verify the functionality of the presented 
assessment approach under completely differing market situations. Scenarios have been created on the basis of the 
price time series of 2014. Using the arithmetic average of the price time series, the deviation at a point has been 
Fig. 6: Statistical parameters for the used time series  
(range of variation, point for arithmetic average, box from lower to upper quartile with a line at the median) 
Fig. 7: Exemplary scenario price series
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scaled with an assumed factor. This methodological approach is applied separately to spot market and TCR. 
Thereby, negative prices on TCR have been permitted to a limited amount. The approach is depicted in Fig. 7 for a 
scaling factor of 3 on spot market data. Practically, this allows to examine especially the influence of the price 
spread development on profitability. 
3. Results 
3.1. Technical results 
Table 3 shows the plant indicators and efficiencies of the investigated CAES concepts. Indicated by a heating 
expense of zero and a storage coefficient tending to infinity, the A-TES obviously is a pure storage technology. In 
contrast, the heating expenses of the diabatic concepts are greater than one. This leads to storage coefficients 
pointing out the combined nature of the diabatic concepts. In case of D-REC the energy input from the storage is 
only 50 % of the fuel input during discharging. According to the higher storage coefficient of DTES- SC, this 
concept presents a larger proportion of storage to peak plant compared with D-REC. 
Concerning energy and exergy efficiency, the A-TES reaches the highest values of both 68 %. The diabatic 
concepts follow with almost identical values of 59 % for the energetic and 60 % for the exergetic efficiency, 
respectively. A differing ranking results using the alternative generation method for calculating efficiencies. As 
adiabatic concepts do not include an external heat supply, the alternative generation efficiency does not differ from 
energetic and exergetic values. Depending on the assumption on efficiency of the reference peak power plant, the 
diabatic concepts show significantly varying efficiencies. Comparably low reference peak power plant efficiencies 
lead to substantial benefits for the diabatic concepts. In addition, low reference efficiencies drive the distance 
between the diabatic concepts towards clear advantages for the D-REC. This is caused by the comparably higher 
share of peak power of the latter. 
Consequently, the assessment results and especially the ranking of concepts depend on the method chosen for 
efficiency evaluation. The A-TES shows the highest values followed by the D-TES-SC and D-REC. Only if the 
alternative generation efficiency method with low reference efficiencies is chosen, the diabatic concepts perform 
better than the adiabatic layout. The explanation is mainly found in the nature of ratio between storage and peak 
power shares. 
         Table 3: Thermodynamic efficiencies and indicators of CAES concepts 
Type Symbol D-REC A-TES D-TES-SC 
Storage expense Ȗ 0.561 1.472 0.604 
Heating expense į 1.115 0 1.070 
Storage coefficient İ 0.503  0.564 
Energetic cycle efficiency Ș 59.7 % 67.9 % 59.7 % 
Exergetic cycle efficiency ȗ 58.6 % 67.9 % 58.7 % 
Alternative generation method (Șpp_ref = 0.4) Șcaes_ref 98.8 % 67.9 % 94.7 % 
Alternative generation method (Șpp_ref = 0.6) Șcaes_ref 59.0 % 67.9 % 59.3 % 
3.2. Full load hours 
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The simulation of the chosen concepts successfully resulted in a time series including the dispatch at different 
markets. From this, the full load hours are derived. Fig. 8 shows decreasing full load hours between 2012 and 2014 
for all concepts. Both diabatic concepts reach approximately the same level of operation and show similar 
composition of full load hours in each year. The adiabatic concept shows a different behaviour. In 2012 A-TES 
operates nearly 1,000 h less than the diabatic layouts. The reason for this is especially operation on the spot market. 
In the subsequent year, when the full load hours of the diabatic concepts decrease about one fifth, the adiabatic 
concept almost remains at the same level. 
The picture changes in 2014 with the A-TES now reaching the highest amount of full load hours. Focusing on 
operation on TCR, almost identical full load hours are achieved by all concepts. Accordingly, different technical 
characteristics of the concepts are not reflected in their operation behaviour on the TCR market. This leads to the 
conclusion that the economic optimisation primarily aligns plant operation to the demands of the TCR market and 
only supports this by acting on the spot market. 
3.3. Economic results 
The development of full load hours is closely connected to the generation of revenues. Fig. 9 depicts generally 
decreasing revenues from 2012 to 2014 for all concepts. Interestingly, the differences between economic 
performance of the individual concepts are marginal compared to the differences in terms of full load hours. On the 
one hand, this can be explained by additional fuel costs for the diabatic concepts. On the other hand, the marginal 
differences can be caused by similar behaviour on the profitable TCR. Different actions on the spot market do not 
lead to significantly varying returns. 
The small decrease in revenues compared to the bigger decline in full load hours in 2013 can be explained 
looking at the electricity market development. 2013 is characterised by a decrease in average spot market prices. In 
contrast, prices for TCR provision increase while delivery prices remain constant. CAES operation takes advantage 
of this situation by generating almost the same revenues with less full load hours. This underlines the great 
importance of the TCR market. 
In 2014 the TCR provision price reaches the level of 2012 again. In combination with further decreasing spot 
market prices, revenues drop dramatically. Repeatedly, A-TES shows a slightly deviating behaviour. The minor 
decrease in full load hours in 2013 affects the revenues in a positive direction. Thus, the adiabatic concept can profit 
more from high TCR prices compared to the diabatic concepts. 
The results of scenario modelling show how changing price spreads affect the economic feasibility of the selected 
concepts. In general, the spread correlates positively with the NPV, cf. Fig. 11. But the investigated concepts are 
affected to a varying extent. As a result, the ranking changes for the scenario based on factor 3. At that time, the 
adiabatic concept demonstrates the highest NPV followed by D-REC and D-TES-SC. This indicates that among all 
concepts the adiabatic profits most from high price spreads. It seems that pure storage technologies are more 
economical than a combination with peak power plants under the mentioned market conditions. 
Fig. 8: Comparison of full load hours for historical market data Fig. 9: Comparison of revenues for historical market data 
310   Cord Kaldemeyer et al. /  Energy Procedia  99 ( 2016 )  298 – 313 
 
A clear ranking of concepts can be determined from the historical economic assessment (Fig. 10). The D-REC 
concept is the most profitable option. With that, the combination of storage and peak power plant is preferred to 
pure storage technologies at the moment. Nevertheless, the market development during the years 2012 to 2014 leads 
to strongly varying economic results. This indicates the sensitivity of CAES economics to the energy market 
development and underlines the need for a comprehensive examination of time series to evaluate a specific 
investment. 
As shown, a higher spread on the one hand can improve the NPV. On the other hand, it leads to a situation, in 
which pure storage technologies may have advantages. Thus, the integrated assessment approach allows for the 
examination of market conditions favouring specific CAES concepts. Furthermore, in this setup the investment 
decision would not have been in line with the ranking of the technical efficiencies. The most economic concept D-
REC shows the lowest energetic and exergetic efficiencies. In order to develop an energy system that is efficient and 
economically attractive at the same time, the discrepancy needs to be analysed. 
4. Discussion 
The results of the thermodynamic assessment are comparable to literature values. Regarding these, energetic 
cycle efficiencies range between 54 – 72 % depending on the CAES concept and parametrisation [5, 6, 7, 18]. Thus, 
efficiencies are generally in line with other studies. 
The comparison of economic results is more complex since they strongly depend on the focus and the economic 
assumptions of the respective study. These include, amongst others, the geographic focus, the choice of electricity 
markets, the evaluated time period and the investigated CAES concept.With respect to the specific setup of this 
study, a direct comparability of economic results with other studies is not given. 
However, some statements are supported qualitatively by the literature. Based on the German energy system in 
2007, the economic advantage of the simple diabatic CAES over an adiabatic CAES was found by [16]. [15] stated 
that CAES is only feasible when operating on the spot market and the control power market. In this study two 
concepts are identified as economically feasible by a positive NPV over the simulated period. Furthermore, full load 
hours show the importance of operation on the TCR market. 
Plausibility checks of the CAES simulation show the general functionality of the model. Fig. 12 shows electricity 
prices and the compressor operation over a period of three days. Prices for TCR provision are converted into 
€/MWh. At times with low spot market prices, the compressor operates correspondingly. Operation on TCR is 
preferred when high capacity prices and especially high working prices occur at the TCR. Obviously, the absolute 
value of compression power in operation changes over time. This indicates the dependency on the filling level and 
market demand. 
Furthermore, Fig. 13 depicts how compressor and turbine operation affect the cavern filling level. As expected 
the filling level rises during compressor operation and decreases while the expansion section operates. In 
conclusion, the general functionality is validated. Furthermore, the ability of the model to operate in different 
Fig. 11: Comparison of NPV for scenarios Fig. 10: Comparison of NPV for historical market data 
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markets using different concepts has been proven. The simulation has been performed successfully with historical 
price time series. Simultaneous operation on the spot and the TCR market can be simulated and evaluated. 
Differences in operation behaviour of concepts has allowed to identify an economic ranking. Thus, the requirement 
of interpretable simulation results is fulfilled. These focus on the perspective of a potential investor. 
For a detailed evaluation of the CAES in future energy system scenarios, respective price time series are needed. 
For this purpose the Open Energy Modelling Framework (oemof) [38] will be used. Oemof is currently being 
developed by the Center for Sustainable Energy Systems (ZNES) in Flensburg, the Reiner Lemoine Institute in 
Berlin and the Otto-von-Guericke-University Magdeburg. The oemof-application renpass G!S allows for a price 
calculation for possible future pathways of the European energy supply system in high regional and temporal 
resolution. This forms the basis for a technology assessment in future energy systems. 
5. Conclusion 
The presented approach allows for an integrated techno-economic assessment of CAES within arbitrary energy 
systems. It has been shown that thermodynamic characteristics and detailed market data can be mapped onto a unit 
commitment model to optimise the plant operation at different markets. The abstract technology model ensures the 
transferability to various CAES layouts and with slight adjustments to other storage technologies. 
An application on the German energy system shows that CAES is economically feasible under defined market 
conditions. The simulation of different concepts based on historical price time series shows differing rankings by 
evaluating either technical efficiency or economical results. D-REC and A-TES are economically feasible when 
operating at spot market and TCR market. The economic evaluation indicates that presently the simplest concept, D-
REC, provides highest profitability. A scenario with a tripled price spread based on 2014 increases business 
economy for all concepts. More importantly, it identifies the pure storage technology, A-TES, as the most profitable 
option at high price spreads. 
Fig. 12: Market-led compressor operation (Provision prices converted 
as explained) 
Fig. 13: Cavern filling level depending on compressor and turbine 
operation 
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Nevertheless, the optimised operation strategy is not achievable in practice. Furthermore, the investment decision 
is highly dependent on the electricity price spread on the spot and TCR market. This explains why investments in 
CAES are currently not seen in the market. That may change in future energy scenarios. For further evaluation 
concerning the attractiveness of CAES in respective scenarios, a power market model developed within the 
commonly developed open source energy modelling framework oemof will be applied. 
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